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Introduction
It is well known that the support oxide in heterogeneous catalysts has a pronounced influence on the physical and chemical properties of supported metal nanoparticles. The support oxide may participate in the reaction directly, introduce charge transfer from/to the nanoparticles, or alter the shape and size of the supported metal nanoparticles. The thermodynamic equilibrium shape of supported metal nanoparticles can be determined by the Winterbottom construction [1] , which links the relative surface and interface energies between nanoparticle/support oxide to the equilibrium shape of nanoparticle. The Winterbottom construction governs the degree of truncation of metal nanoparticle by the support, and gives insight into nanoparticle engineering of catalysts with precise control of the morphology.
In order to study the structure-activity relationship, there is a "materials gap" that needs to be filled. Traditional model catalysts used in surface science studies are usually single-crystals, for which the surface-area-to-volume ratio is too small for practical catalytic reactions. Alternatively, the surfaces of support oxides used commercially are usually poorly defined, making it difficult to correlate the measured catalytic effects to the atomic-scale interface and nanoparticle structure. Our approach to minimize the "materials gap" is using a controlled nanoscale support material with well-defined surfaces. SrTiO 3 (STO) nanoparticles can be synthesized with distinct faceting [2] [3] [4] [5] . Our approach follows previously established work [6] [7] [8] [9] utilizing SrTiO 3 nanocuboids with low size dispersion and well-defined (001) surfaces as the support material of the catalytic nanoparticles. In this study, TiO 2 -and SrO-terminated surfaces of STO nanocuboids [10] are utilized to study the effect of surface termination on the morphology and chemical state of the supported nanoparticles in a way that excludes the intrinsic chemical difference when comparing nanoparticles on support oxides with different bulk compositions.
Pd and Pt are active catalytic metals and both have a lattice constant close to that of STO (a Pd = 3.89 Å, a Pt = 3.92 Å, a STO = 3.905 Å). Earlier studies of Pt and Pd nanoparticles supported on single crystal STO substrates as model systems for investigating properties of the nanoparticles such as morphology [11] [12] [13] [14] [15] [16] [17] [18] , photolysis performance [19] , and interfacial atomic correlations with the STO lattice [11, [20] [21] [22] . Moving from single crystal to faceted nanoparticle supports, it has been demonstrated recently that Pt/STO nanocuboid catalyst systems have high thermodynamic and sintering resistance due to the strong cube-on-cube epitaxy at the interface [8] . Furthermore, when SrTiO 3 nanocuboids are substituted with Ba 0.5 Sr 0.5 TiO 3 nanocuboids, the Winterbottom truncation of Pt nanoparticles leads to the corresponding change predicted by lattice mismatch and interfacial free energy. As shown earlier, the shape of the Pt nanoparticle can be controlled by the support in a predictable manner [8] . Pd, with similar lattice constants and chemical properties as those of Pt, is expected to show similar behavior.
In this study, Pd deposition was carried out by atomic layer deposition (ALD). It has been recognized that ALD is capable of synthesizing supported transition metal nanoparticles, such as Pd, Pt and Ru on various supports [6, [16] [17] [18] [23] [24] [25] [26] . ALD also has the ability to fine tune the amount of metal deposited by the number of ALD cycles. However, the growth of ALD-synthesized metal nanoparticles at the early stage is still poorly understood, especially for the deposition of Pd. Pd/STO samples with different numbers of ALD cycles have been prepared in the current study and characterized by transmission electron microscopy (TEM) and X-ray absorption spectroscopy (XAS) to reveal and compare their morphology, chemical state, and local atomic coordination structure.
Materials and methods

Sample preparation
Single crystal SrTiO 3 (STO) nanocuboids with well-defined (001) faces were synthesized to have predominantly SrO-or TiO 2 -terminated surfaces by acetic acid- [2, 3] and oleic acid-assisted methods [4] respectively. The nanocuboids are in the form of a dry, white powder. High resolution transmission electron microscopy (HRTEM) experiments and density function theory (DFT) simulation were previously used to determine the surface termination of the STO nanocuboids [10] . The SrO-terminated STO nanocuboids, synthesized by the steps described in [4] The Pd ALD process was conducted in a viscous-flow ALD reactor [27] . Before ALD growth, both TiO 2 -STO and pre-treated SrO-STO nanocuboids were heated in the ALD reactor at 200°C for 10 min in nitrogen gas to equilibrate the temperature of the STO nanoparticles. This was followed by ozone treatment at 200°C for 30 min to remove surface carbon. Pd(II) hexafluoroacetylacetonate (Pd(hfac) 2 ) and formalin (HCHO) were used as the precursors in the ALD process [23] . The reactant exposures lasted 300 s for each precursor, and nitrogen purges of 300 s were performed in between each precursor exposure and after the last exposure. After ALD processing, the samples were removed from the reactor and cooled in air. Samples were prepared with 1, 5, 10, and 20 cycles (denoted as 1c, 5c, 10c and 20c) of Pd ALD grown on the TiO 2 -terminated STO nanocuboids, and with 1c, 5c, and 10c of Pd on the SrO-terminated nanocuboids. The Pd/STO samples were in the form of a dry powder, with a gray-scale color gradient that was darker for increased cycles of Pd.
Characterizations
Morphology and loading of Pd
The morphology of the as-deposited Pd/STO samples was examined by a JEOL 2100F TEM. The sizes and shapes of a large representative group of Pd nanoparticles for the 5c and 10c samples were measured using the ImageJ software [28] .
The atomic percentage ratio between Pd and Sr of the Pd/STO samples was measured by both inductively coupled plasma atomic emission spectroscopy (ICP-AES) and X-ray fluorescence (XRF). The ratio was 
XANES and EXAFS
All the X-ray absorption near edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) measurements were completed at beamline 5BM-D at the APS. The Pd atom oxidation state(s) and its local atomic coordination structure were analyzed by XANES and EXAFS, respectively. These ex-situ (open air) XANES and EXAFS measurements of the as-deposited samples were carried out around the Pd K edge (24.4 keV) in fluorescence with the sample under ambient atmosphere. Data processing was completed with the ATHENA and ARTEMIS software packages [29] ). Photoelectron scattering paths used in the fitting were based on the first nearest neighbors of Pd in FCC Pd (Pd-Pd) and tetragonal PdO (Pd-O) (see Fig. S3 for details).
In addition to the above described ex-situ X-ray spectroscopy measurements, an X-ray flow cell [30] was employed for in-situ XANES and EXAFS experiments on a select set of samples. The Pd/STO sample was pre-reduced under flowing H 2 at 300°C for 30 min to remove the Pd surface oxide, and the measurements were completed in an H 2 flow at room temperature during the in-situ measurements. Additionally, to investigate the change of the Pd oxidation state under 
Table 1
The atomic percentage ratio of Pd and Sr can be directly measured from both ICP-AES (inductively coupled plasma atomic emission spectroscopy) and XRF (X-ray fluorescence). Pd loading and the effective Pd coverage (Θ) can then be calculated by assuming that the atomic ratio of Sr:Ti:O in the SrTiO 3 nanocuboids is exactly 1:1:3.
Pd/Sr (at.% ratio) ).
redox environments similar to a real catalytic reaction, in-situ XANES measurements were carried out by exposing the samples to redox atmospheres. The sample was heated to 300°C in the X-ray flow cell under pure O 2 and held at that temperature for 30 min, and then the cell was purged with N 2 at a rate of 10 mL/min for 30 min and cooled to room temperature. The XANES measurements were completed in an N 2 flow at room temperature. The reaction gas was then switched to 3% H 2 /N 2 , and the procedure described above was applied to the H 2 cycle. The N 2 purge step after the H 2 exposure removed the excess H 2 in the cell, thus prevented Pd hydride formation.
X-ray photoemission analysis
The surface species on the Pd/STO samples were analyzed with X-ray photoemission spectroscopy (XPS, Thermo Scientific ESCALAB 250Xi) using a monochromatic Al Kα (1486.74 eV) X-ray source. The atomic ratio between surface F and surface Sr atoms was obtained by analyzing the peak area covered by F 1s and Sr 3d core level photoemission peaks (see SM for details). Fig. 1 presents TEM and high angle annular dark field (HAADF) images of the Pd/SrTiO 3 samples, which shows the Pd formed nanoparticles on the surface of the STO nanocuboids. The images of the 5c and 10c samples are representative and establish the morphology and growth trends of Pd nanoparticles on TiO 2 -and SrO-terminated surfaces of STO. The sizes and shapes of a large representative group of Pd nanoparticles for the 5c and 10c samples were measured using the ImageJ software [28] . The histograms for the nanoparticle diameters are shown in Fig. 2 along with the statistical analysis determining the mean values for the diameters (d) and the standard deviations (SD). The shape of the Pd nanoparticle is described by an "aspect ratio," which is defined as the maximum height of the Pd nanoparticle perpendicular to the surface divided by the maximum width parallel to the surface. On the TiO 2 -terminated STO surface, the shape of Pd nanoparticles is flatter, with a mean aspect ratio of~0.6(1), while Pd nanoparticles -weighted Pd K-edge EXAFS spectra, along with the corresponding first shell fit (red lines). Pd-O and Pd-Pd first shell coordination numbers can be extracted from the best fit of the EXAFS data. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Table 2 Fitting parameters of Pd K edge EXAFS of as-deposited Pd/SrTiO 3 nanocuboids, including the first nearest neighbor coordination numbers (N), bond distances (R), EXAFS Debye-Waller factors (σ), and energy shifts (ΔE) for Pd-Pd and Pd-O scattering paths. on the SrO-terminated surface have a higher aspect ratio~0.8 (1) . The difference in the wetting behavior provides some insight into the interfacial energy between Pd and the STO nanocuboids based on Winterbottom construction [1] . The smaller aspect ratios (see SM for statistical details), or better wetting, between Pd and the TiO 2 -terminated surface indicates that the interfacial free energy of the Pd/TiO 2 -STO interface is lower than that of the Pd/SrO-STO interface. For the TiO 2 -STO surface, the 5c and 10c Pd samples have a SD of~0.5 nm, which is narrower than the SD of 5c and 10c Pd on the SrO-STO surface, which is~2 nm (Fig. 2) . From the TEM images in Fig. 1 , when the number of ALD cycles increase from 5c to 10c, Pd nanoparticles on the TiO 2 -terminated surface increase in average size, but the number of nanoparticles per unit area remains approximately constant. While Pd nanoparticles on the SrO-terminated surface increase in the number per area, the average size and size distribution are not substantially changed. This can be seen by comparing Fig. 1c and d to Fig. 1h and i . Note that the TEM image analysis of the Pd nanoparticle shown in Fig. 2 is unable to account for nanoparticles with diameters smaller than 1 nm. Schematic diagrams describing the morphology and evolution of Pd nanoparticles on the TiO 2 -and SrO-STO surfaces are shown in Fig. 2c and f.
Results and discussion
Morphology analysis
N Pd-Pd R Pd-Pd (Å) σ Pd-Pd (Å) ΔE Pd-Pd (eV)* N Pd-O R Pd-O (Å) σ Pd-O (Å) ΔE Pd-O (eV)*
Pd loading and effective Pd coverage
The ICP-AES and XRF determined atomic percentage ratios for Pd to Sr are listed in Table 1 along with the calculated Pd loading in wt.% and effective Pd coverages (detailed explanation in SM). As expected for ALD, the Pd wt.% loading exhibits approximately linear growth with the number of cycles. In order to normalize the loading of Pd on two different STO nanocuboids with different surface areas, we define 1 monolayer (ML) as the "effective Pd coverage (Θ)." Θ is equivalent to one Pd atom per Ti or Sr surface atom on an ideally terminated STO cube (6.56 nm −2 ). Fig. 3 shows Θ versus the number of ALD cycles.
The higher Θ on the TiO 2 -terminated surface implies that the interfacial free energy is more negative for Pd growth than on the SrO-terminated surface. This result is consistent with the fact that the Pd nanoparticle wets the TiO 2 -terminated surface better than the SrO-terminated surface. The argument above is consistent with the TEM images shown in Fig. 1 .
Chemical state and structure analysis by XANES/EXAFS
The line shapes of the normalized XANES in Fig. 4a . The magnitudes of the Fourier transforms of the EXAFS spectra and the best fit to the first nearest neighbor coordination number (N) are shown in Fig. 4b . As listed in Table 2 , the number of O nearest neighbors to Pd diminishes and the number of Pd neighbors increases as the number of ALD cycles increases. In ALD cycle 1c, only the Pd-O peak appears, indicating that the 1c sample behaves like PdO on both TiO 2 -and SrOterminated surfaces. After subsequent ALD cycles, the Pd-Pd peak grows at the expense of the Pd-O peak, indicating the presence of more Pd in the metallic state (Pd 0 ). In addition, for the same number of ALD cycles, the fraction of palladium as Pd 0 is greater on the SrO-STO surface than on the TiO 2 -STO surface.
The EXAFS fitting result in Table 2 shows that for both of the terminations, the Pd-Pd coordination number (N Pd-Pd ) increases and the Pd-O coordination number (N Pd-O ) decreases as the number of ALD cycles increased. The σ, or the Debye-Waller factor (DWF), in the Pd nanoparticles is higher than the bulk value (σ = 0.074 Å based on the Debye temperature of Pd, θ D, Pd = 274 K). In general, the DWF increases as the size of the nanoparticle decreases because there is more surface, and at a surface the local DWF is always larger. However, the trend of DWF decreasing is not observable because of the relatively large uncertainties.
The increases with the number of ALD cycles, and is greater on the SrO surfaces than on the TiO 2 surfaces.
In-situ EXAFS measurements of N Pd-Pd under reduction conditions
Although TEM is an effective tool for imaging the size of Pd nanoparticles directly, it is difficult to establish statistically significant measurements of the size of Pd nanoparticles when the loading is very low. It has been proposed that the coordination number of the first nearest neighbors (N) has a positive correlation with the size of the metallic nanoparticles [31, 32] . Thus, EXAFS could serve as a good complementary characterization tool for measuring the size of nanoparticles. The insitu EXAFS measurements were completed in H 2 flow at room temperature. Under this condition, hydrogen dissolves into interstitial sites in the Pd lattice and forms a Pd hydride, causing a slight expansion in the Pd lattice [33] [34] [35] [36] . The expansion can be seen from the R Pd-Pd values listed in Table S3 , which are 1 to 2% larger than that of the Pd foil. Despite this lattice expansion, the FCC structure of the Pd sublattice is retained [36, 37] . Therefore N, which is related to the sublattice structure of Pd, is unchanged by Pd hydride formation. Thus N can still be applied as a probe reflecting the trend in Pd nanoparticle size evolution. Fig. 6 shows that N Pd-Pd on the TiO 2 -terminated surface increases monotonically as the number of ALD cycles increases; whereas the same quantity on the SrO-terminated surface levels off after 5c. The result implies that the mean size of Pd nanoparticles on the TiO 2 -STO surface continued to increase over the range of 1-20 cycles. For the SrO-STO surface, the Pd nanoparticles grow in size from 1c to 5c, but stop increasing after 5c. This EXAFS result is consistent with the nanoparticle size trend seen by TEM in Fig. 1 . For both surfaces, the Pd nanoparticle grows more significantly during the first ALD cycle than the subsequent cycles. The phenomena are similar to the result of ALD-Pt on the SrO-terminated nanocuboids reported in [38] .
Mechanism of ALD-Pd nanoparticle growth on TiO 2 -and SrO-STO surfaces
Combining the data described in the above paragraphs, a model for the mechanism of ALD-Pd nanoparticle growth on the STO surfaces can be proposed. The growth of Pd on TiO 2 -terminated STO surface is similar to the "nucleation and growth model" described in [38] . In this mechanism, single Pt atoms deposited on the surface are able to move across the surface and merge into the existing nuclei. However, the growth of Pd on the SrO-STO surface cannot be simply explained by the nucleation and growth model only. The residual ligands left on the STO surface from the Pd precursor, Pd(hfac) 2 , have to be taken into account as well. In previous ALD-Pd studies on both Al 2 O 3 and TiO 2 supports, it was shown that Pd(hfac) 2 dissociates into surface (hfac)* species, which are incompletely removed by subsequent formalin cycles [39] [40] [41] . Meanwhile, the surface (hfac)* species start to decompose creating surface F* species when the temperature is above 100°C [41] . For our ALD growth temperature of 200°C, XPS on both TiO 2 -and SrOterminated supports (Fig. 7a ) show F 1 s core level peaks with binding energies at 685 and 689 eV consistent with that of -F and -CF 3 species, respectively as reported in [41] [42] [43] . The XPS result indicates the existence of residual (hfac)* species on both the TiO 2 -and SrO-STO surfaces after ALD Pd growth.
The degree of interaction between the hfac species and the STO surface is likely responsible for the difference in Pd growth pattern. The hfac ligand is acidic and will interact more strongly with the basic SrO-STO surface than the neutral TiO 2 -STO surface [3, 10] . In the XPS analysis, the atomic ratios between F and Sr for the Pd/SrO-STO samples are higher than the Pd/TiO 2 -STO samples (Fig. 7b , also see SM for details in calculation), indicating a higher coverage of hfac species remaining on the SrO-STO surface. The strongly bonded hfac species on the SrO surface hinders the migration of deposited Pd atoms across the surface to combine with existing nuclei, and leads to the formation of secondary nuclei in subsequent ALD cycles. Consequently, the Pd nanoparticle density for 10c is higher than that of 5c on the SrO-STO surface, as shown in the TEM images in Fig. 1 . The formation of secondary nuclei also explains the wide size distribution of Pd nanoparticles on the SrO-STO surface. The increase in Pd nanoparticle size is inhibited by the number of hfac species surrounding the Pd nanoparticle. The nanoparticle can grow until the free Pd atoms within the migration distance are entirely consumed. The hfac species are expected to be statistically distributed over the SrO surface; therefore, the size of the Pd nanoparticle at a spot closer to more hfac species will be larger, and vice versa.
Furthermore, from the EXAFS fitting of N Pd-Pd (Fig. 6) , the trapped Pd single atoms (or clusters) lower the average N Pd-Pd in the Pd nanoparticles on the SrO surface. This explains why TEM determined average size of Pd is larger on the SrO surface, but the N Pd-Pd value is not reflecting the TEM determined size: the trapped Pd is beyond the resolution of the TEM (b 1 nm). On the other hand, the reason why the Pd on SrO 5c behaves more like Pd 2+ than the SrO 10c can be rationalized as the following: on the surface of 5c, the smaller trapped Pd are easier to oxidize, which makes the 5c appears more oxidized. During the subsequent ALD cycles, secondary Pd nuclei sites start to grow and reduce the percentage of trapped Pd clusters. Therefore, the Pd in the SrO 10c sample appears more reduced than the 5c sample. A schematic representation of the "nucleation and growth model" and "trapped Pd model" can be found in Fig. 8 .
In-situ XANES measurements of Pd/STO under redox environment
In order to track the oxidation state change of Pd under environmental conditions similar to a catalytic reaction, in-situ XANES was used to measure the oxidation state change of Pd at each step of a redox reaction. Based on Fig. 3 , the effective Pd coverages for the 5c/TiO 2 -STO and 10c/SrO-STO are similar (approximately 0.8 ML). Therefore, the two samples were chosen for comparison of their behavior under redox conditions. The in-situ XANES redox measurements (Fig. 9) show that the oxidation state of Pd on both TiO 2 -and SrO-terminated surfaces can be shifted to either Pd 0 or Pd 2+ state by exposing the Pd/STO sample to H 2 or O 2 gas at 300°C, and the transition is reversible. This indicates that both of the Pd/STO catalysts have the potential to sustain multiple oxidation/reduction cycles in catalytic reactions.
Summary and conclusion
The morphological and chemical properties of ALD-grown Pd nanoparticles supported on TiO 2 -STO and SrO-STO nanocuboids with well- Fig. 8 . Schematic representations of the growth of ALD Pd nanoparticles on the TiO 2 -and SrO-terminated STO surfaces. On the TiO 2 -STO surface, Pd follows the "nucleation and growth model," in which Pd atoms are able to migrate across the surface to form nuclei because the hfac species on the surface weakly bounded (i). The nucleus grows from the migration of the Pd atoms in the subsequent ALD cycles (ii). On the SrO-STO surface, Pd follows the "trapped Pd model," in which the migration of Pd is hindered by the strongly bonded hfac species (iii). In the subsequent ALD cycles, Pd forms secondary nuclei on hfac free area (iv). Fig. 9 . Pd K-edge in-situ XAFS measurements of 0.8 ML Pd on the TiO 2 -and SrO-terminated STO surfaces. The measurements were performed at 300°C under H 2 /O 2 redox conditions and were shown to be reversible. defined (001) surface are characterized and compared by the combined analysis of TEM, XRF, XANES, EXAFS, and XPS. The Pd nanoparticle exhibits better wetting on the TiO 2 -STO surface than on the SrO-STO surface, indicating lower interfacial free energy between Pd/TiO 2 -STO than Pd/SrO-STO interface. The contrasting wetting property may offer opportunities for controlling the morphology and exposed facets of Pd nanoparticles by different surface terminations of the support oxide. In addition, the number of the ALD cycles is able to control the effective Pd coverage and the fraction of Pd 0 . The coverage and Pd 0 fraction are found to increase monotonically with the number of ALD cycles on both supports. As the loading of Pd increases, the Pd nanoparticles grow in number on the SrO-STO surface, but in size on the TiO 2 -STO surface. The difference in the growth behavior is attributed to the interaction between the STO surface and the residual hfac species from the Pd precursor. The strongly-bounded hfac species hinder the migration of Pd atoms on the SrO-STO surface and leave single Pd atoms or sub-critical nuclei trapped. Thus, the Pd nanoparticles grow by forming secondary nuclei on the SrO-STO surface. Different from the SrO-STO surface, the Pd nanoparticles on the TiO 2 -STO surface are not affected by the relatively weakly-bounded hfac species. Therefore, the Pd nanoparticles follow a nucleation and growth mechanism and grow in size.
The result has demonstrated the feasibility of applying the Pd/STO metal/support oxide system to investigate the relationship between the structure of metal catalysts and the performance. We expect that this approach can be further employed for other metal/support oxide systems.
